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Translation initiation factor eIF1A stimulates preinitiation

complex (PIC) assembly and scanning, but the molecular

mechanisms of its functions are not understood. We show

that the F131A,F133A mutation in the C-terminal tail

(CTT) of eIF1A impairs recruitment of the eIF2-GTP-Met-

tRNAi
Met ternary complex to 40S subunits, eliminating

functional coupling with eIF1. Mutating residues 17–21

in the N-terminal tail (NTT) of eIF1A also reduces PIC

assembly, but in a manner rescued by eIF1. Interestingly,

the 131,133 CTT mutation enhances initiation at UUG

codons (Sui� phenotype) and decreases leaky scanning

at AUG, while the NTT mutation 17–21 suppresses the Sui�

phenotypes of eIF5 and eIF2b mutations and increases

leaky scanning. These findings and the opposite effects

of the mutations on eIF1A binding to reconstituted PICs

suggest that the NTT mutations promote an open, scan-

ning-conducive conformation of the PIC, whereas the CTT

mutations 131,133 have the reverse effect. We conclude

that tight binding of eIF1A to the PIC is an important

determinant of AUG selection and is modulated in opposite

directions by residues in the NTT and CTT of eIF1A.
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Introduction

Decoding the AUG start codon in mRNA by methionyl-

initiator tRNA (Met-tRNAi
Met) and the ribosome is stimulated

by an array of eukaryotic translation initiation factors (eIFs).

The Met-tRNAi
Met is delivered to the 40S subunit in a ternary

complex (TC) with the GTP-bound form of eIF2, forming the

43S PIC, in a process stimulated by eIF1, eIF1A, eIF3, and

eIF5 (Hershey and Merrick, 2000; Hinnebusch, 2000; Asano

et al, 2001b; Algire et al, 2002; Majumdar et al, 2003;

Kolupaeva et al, 2005). In budding yeast, a web of interac-

tions links eIFs 1, 3, 5, and the TC in a multifactor complex

(MFC) whose formation promotes PIC assembly in vivo

(Asano et al, 2001a; Valášek et al, 2002; Valasek et al, 2004;

Singh et al, 2004; Jivotovskaya et al, 2006). The 40S binding

of eIF1 also is stimulated by eIF1A (Maag and Lorsch, 2003;

Majumdar et al, 2003) and the C -termini of these two factors

are in close proximity in the 43S PIC (Maag et al, 2005), with

eIF1A likely occupying the ‘A’ site (Battiste et al, 2000) and

eIF1 bound near the ‘P’ site on the 40S subunit (Lomakin

et al, 2003), the site of decoding during initiation.

The 43S PIC is recruited to the 50 end of the mRNA and the

AUG codon is selected as the PIC scans the leader, with the

anticodon of Met-tRNAi
Met inspecting successive triplets in

the P-site (Hershey and Merrick, 2000). In a reconstituted

mammalian system, eIF1 and eIF1A promote scanning and

formation of a 48S initiation complex (IC) at the start codon

(Pestova et al, 1998), and the absence of eIF1 allows selection

of non-AUG triplets (Pestova and Kolupaeva, 2002). This fits

with genetic studies in yeast that identified mutations in eIF1

(encoded by SUI1) that increase initiation at a UUG at the 50

end of the HIS4 gene, suppressing mutations in the AUG

codon (Sui� phenotype) (Donahue, 2000). It is thought that

eIF1 promotes an open conformation of the PIC conducive

to scanning and restricts base pairing of Met-tRNAi
Met with

non-AUGs in the P-site (Lomakin et al, 2003).

Our analysis of a reconstituted yeast system revealed that

GTP bound to eIF2 is partially hydrolyzed in 48S PICs,

dependent on eIF5, but the Pi is not released from eIF2-

GDP-Pi when a non-AUG triplet occupies the P-site. Base

pairing of Met-tRNAi
Met with AUG triggers a conformational

change wherein eIF1 and eIF1A move apart and eIF1 is

released from its 40S binding site in the initiation complex.

It appears that dissociation of eIF1 permits release of Pi from

eIF2-GDP-Pi to finalize selection of the start codon (Algire

et al, 2005; Maag et al, 2005). By contrast, AUG recognition

elicits tighter binding of eIF1A to the complex, dependent on

eIF5. A dominant Sui� mutation in eIF5 (SUI5) strengthens

eIF1A binding with UUG in the P-site, correlating with

increased initiation at UUG codons in SUI5 cells in vivo. A

similar finding was made for an eIF1A mutant lacking the

B50-residue unstructured CTTof eIF1A (tif11-DC, or just DC),

which also confers a Sui� phenotype. It was proposed that

the eIF1A CTT promotes formation of an open, scanning-

conducive conformation of the PIC, and on AUG recognition,

eIF5 antagonizes the eIF1A CTT, strengthening eIF1A’s inter-

actions and promoting a more closed conformation (Maag

et al, 2006).

Translation of GCN4 mRNA is a sensitive indicator of

defects in TC recruitment in vivo. GCN4 is repressed in
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amino acid-replete cells by upstream open reading frames

(uORFs) in the 50UTR. After translating uORF1, 40S subunits

resume scanning and reinitiate translation at uORFs 2, 3 or 4,

after which they dissociate from the mRNA and leave the

GCN4 ORF untranslated. GCN4 translation is derepressed in

amino acid-starved cells by phosphorylation of the a-subunit

of eIF2 by kinase GCN2, which inhibits recycling of eIF2-GDP

to eIF2-GTP. The ensuing reduction in TC concentration

allows 40S subunits that translate uORF1 and resume scan-

ning to bypass uORFs 2–4 and reinitiate downstream at

GCN4. In nonstarved wild-type (WT) or gcn2D cells, by

contrast, the high level of TC ensures that all 40S subunits

scanning downstream from uORF1 quickly rebind TC, rein-

itiate at uORFs 2, 3 or 4, and dissociate from the mRNA

without translating GCN4 (Hinnebusch, 2005). We found

previously that the DC truncation of the eIF1A CTT conferred

constitutive derepression of GCN4 translation in gcn2D cells.

This Gcd� phenotype suggests that DC reduces the rate of TC

binding to 40S subunits scanning downstream from uORF1,

allowing a fraction to bypass uORFs 2–4 and reinitiate at

GCN4 (Olsen et al, 2003). Supporting this interpretation, DC

reduces TC binding to 40S subunits in both native and

reconstituted PICs (Fekete et al, 2005).

In this report, we provide new evidence supporting the

dual role of the eIF1A CTT in TC recruitment and AUG

selection, and pinpoint specific residues, Phe131 and

Phe133, involved in both functions. We show that residues

in the unstructured eIF1A NTT also affect PIC assembly

in vivo, but through a distinct mechanism. Remarkably,

mutations in the eIF1A NTT disrupt AUG selection in a

manner opposite to that of the DC and SUI5 mutations,

exhibiting a hyperaccurate phenotype. A concordance of

genetic and biochemical data indicates that interaction of

eIF1A with the initiation complex is a determinant of start

codon selection that is modulated by the unstructured tails

of eIF1A.

Results

Mutation of F131 and F133 in the CTT impairs PIC

assembly

Previously, we showed that the DC truncation of eIF1A

residues 108–153 confers a Gcd� phenotype and reduces

native 43S PIC levels in vivo. Ala substitutions of CTT

residues 128–132 (128DVNFE132) and 133–137

(133FGNAD137) also produce Gcd� phenotypes, as does the

mutation F131A, F133A (henceforth 131,133) of the two Phe

residues in these intervals. As substitutions of surrounding

CTT residues 118–122, 123–127, 138–142, 143–148, and 149–

153 did not confer Gcd� phenotypes (Fekete et al, 2005), it

appeared that F131 and F133 play key roles in TC recruit-

ment; hence, we set out to characterize the effects of the

131,133 mutation on 43S PIC assembly.

This and other eIF1A mutations described below were

made in the TIF11-FL allele (tagged at the 50 end with FLAG

epitope) and introduced into a tif11D gcn2D strain by plasmid

shuffling (Fekete et al, 2005). The 131,133 mutation produces

a slow-growth (Slg�) phenotype on complete (SC) medium

(Figure 1A) and decreased polysome content (Figure 1B),

without reducing eIF1A expression (Fekete et al, 2005). The

131,133 mutation also restores growth on medium containing

the inhibitor of histidine biosynthesis 3-aminotriazole (3AT),

and this 3AT-resistant (3ATR) phenotype was diminished by a

high-copy (hc) plasmid encoding the three subunits of eIF2

and tRNAi
Met, comprising the TC (hc-TC) (Figure 1A). Gcd�

mutations that derepress GCN4 translation independent

of eIF2a phosphorylation by GCN2 derepress histidine

biosynthetic genes under GCN4 control and overcome the

3-AT-sensitive (3-ATS) phenotype of gcn2D cells. Suppression

of the 3ATR/Gcd� phenotype of the 131,133 mutant by hc-TC

suggests that it results, at least partly, from a reduced rate of

TC loading on 40S subunits scanning downstream from

uORF1, allowing a fraction to bypass uORFs 2–4 and reiniti-

ate at GCN4. Increasing the TC concentration with hc-TC is

thought to boost the rate of TC loading by mass action.

In a GCN2þ strain, the 131,133 mutation led to Bsix-fold

derepression of a GCN4-lacZ reporter containing all four

uORFs under non-starvation conditions compared with the

B15-fold induction of this reporter on starvation of the

TIF11þ strain for isoleucine and valine (Figure 1C). This

indicates that 131,133 confers partial derepression of GCN4

translation, confirming its Gcd� phenotype.

Biochemical evidence that the 131,133 mutation impairs

TC recruitment came first from our finding that it reduces

eIF2 binding to 40S subunits in native PICs stabilized by

formaldehyde crosslinking of living cells. The 40S binding of

eIF5 was also reduced, whereas the mutant eIF1A protein

showed higher than WT levels in the 40S fractions commen-

surate with the increased level of 40S protein RPS2 (Figure

1D–E). (As previously observed (Valasek et al, 2004; Fekete

et al, 2005), the 40S binding defect of eIF2 and eIF5 in the

mutant is associated with increased degradation of these

factors during centrifugation.) Considering that the amount

of free 40S subunits was elevated in the mutant, the approxi-

mately equal amounts of eIF3 in the mutant and WT 40S

fractions suggest that eIF3 recruitment also is reduced by

131,133 (Figure 1D–E). Thus, 131,133 impairs 40S binding

of three different MFC components in vivo. (No reduction in

40S-bound eIF1 was apparent; however, eIF1 expression is

elevated in this mutant (Supplementary Figure S1), making

it difficult to assess the efficiency of eIF1 binding.)

We further demonstrated that 131,133 impairs the rate of

TC loading on 40S subunits in vitro in reactions containing

eIF1 and mRNA. Interestingly, the 131,133 mutation reduced

the rate of TC binding in the presence of eIF1 by 4six-fold,

but had no effect in the absence of eIF1 (Figure 2A–B),

eliminating the stimulatory effect of eIF1 on TC loading

(Figure 2B). The 131,133 mutation also reduces the rate

of TC loading Bfour-fold in reactions lacking mRNA

(0.00970.003 versus 0.04270.012 min�1; data not shown).

To determine whether the defect in TC loading could arise

from defective 40S binding of the 131,133 protein, we mea-

sured the Kd of eIF1A for 40S subunits in the presence and

absence of eIF1 (Figure 2C–E), and new in the presence of

both eIF1 and TC (Figure 2E). The 131,133 mutation does not

weaken interaction of eIF1A with 40S subunits under any

of these circumstances. Hence, 131,133 impairs the function

of eIF1A bound to 40S subunits in accelerating TC loading.

Mutations in the eIF1A NTT impair PIC assembly in a

manner rescued by eIF1

To address the function of the NTT, we analyzed the pheno-

types of Ala substitutions made in consecutive blocks of five

amino acids of the TIF11-FL allele. Mutations of residues 7–11

eIF1A residues controlling AUG selection
CA Fekete et al

&2007 European Molecular Biology Organization The EMBO Journal VOL 26 | NO 6 | 2007 1603



FL-WT FL-131,133

40S
60S

80S

40S

60S

80S

Polysomes

P/M: 1.6 (0.2)

P/M: 0.5 (0.1)

Top
IN

FL-WT Top
IN

FL-131,133

eIF1A

RPS2
(40S)

eIF5

eIF3i

eIF1A

RPS2
(40S)

eIF5

40S 40S

eIF3i
eIF2γ eIF2γ

eIF2γ eIF3ieIF5eIF1A RPS2
(40S)

A
bu

n
d

an
ce

 in
 4

0S
 (

m
u

ta
n

t/
W

T
)

0

0.5

1

1.5

2

GCN2

FL-WT

g
cn

2 
∆

FL-
131,133

+Vector

+hc TC

+Vector

+hc TC

5 mM 3ATSC 10 mM 3AT

GCN4-lacZ1

GCN4-lacZ1 2 3(i)

(ii)

(i)

GCN4-lacZ expression (units)

16 (1.8)

FL-131,133

(ii)

R DR

10 (0.9) 170 (19)

58 (9.2) 140 (6.8) 3.1 (0.3)

4 FL-WT

 R

A

B

C

D

E

Figure 1 eIF1A CTT mutation 131,133 impairs GCN4 translational control, translation initiation and PIC assembly in vivo. (A) Dilutions of gcn2D
strains containing the FLAG-tagged wild-type (FL-WT) (strain H2999) or 131,133 mutant (FL-131,133) allele of TIF11 (strain CFY615), plus empty
vector or p1780-IMT (hc TC), together with an isogenic GCN2 strain, were grown at 301C on SC lacking uracil and leucine (SC-UL) for 3 days and
SC-UL lacking histidine (SC-ULH) and containing 3-AT for 7 days. (B) Polysome profiles of H2999 and CFY615 cultured in SC-L and crosslinked
with HCHO. WCEs were resolved by sedimentation through sucrose gradients and the gradients scanned at A254. Polysome/monosome ratios (P/
M, mean7s.e., n¼ 3) are indicated. (C) GCN2þ strains H3583 (FL-WT) and CFY217 (FL-131,133) harboring GCN4-lacZ reporter plasmids p180 or
pM226, depicted in (i) and (ii), respectively, were grown in repressing (R) medium (SC-U) or derepressing (DR) medium (SC-U lacking Ile and
Val and containing 0.5mg/ml sulfometuron (SM) to inhibit Ile/Val biosynthesis) for 6 h. Units of b-galactosidase activity (nmol of o-nitrophenyl-
b-D-galactopyranoside cleaved per minper mg) were assayed in WCEs of three replicate cultures and reported as means7s.e. (n¼ 6). (D) Native
PICs were measured in the strains described in (A) after crosslinking cells with HCHO and resolving WCEs by sedimentation through sucrose
gradients. Fractions were subjected to Western analysis using the indicated antibodies, analyzing 1 and 0.2% aliquots of each input WCE (IN) in
parallel. Fractions containing free 40S subunits are boxed. (E) Initiation factor binding to 40S subunits in three replicates of the experiment in (D)
was quantified by calculating the ratios of the 40S signals in the mutant relative to the WT. Results are means7s.e. (n¼ 3).
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and 12–16 were lethal and the 17–21 substitution conferred a

Slg� phenotype, all without lowering the level of FL-eIF1A

(Fekete et al, 2005). Interestingly, these phenotypes were

suppressed by overexpressing WT eIF1 from a hc SUI1

plasmid, whereas the Slg� phenotype of the CTT mutation

131,133 was exacerbated by hc SUI1 (Figure 3A–B). The

diminished polysome content of the 17–21 mutant was also

partially suppressed by hc SUI1 (Figure 3C), and 17–21

lowered the levels of eIF1, eIF5, eIF2, and eIF3 in the 40S

fractions in a manner rescued by eIF1 overexpression (Figure

3D–E). The 40S binding of eIF1A itself was not diminished by

the 17–21 mutation, and eIF1 overexpression led to a higher

than WT level of 40S-bound 17–21 protein (Figure 3E). Thus,

the FL-17–21 mutation impairs PIC assembly by 40S-bound

eIF1A in a manner rescued by increasing the eIF1 level in

the cell.

The FL tag contributes to the phenotypes of the NTT

mutations. In untagged TIF11 or TIF11-HA (with a C-terminal

HA3 tag instead), the 17–21 mutation has no effect on growth;

and 7–11 produces Slg�, rather than lethality (that is not

suppressed by hc SUI1) and does not reduce 40S binding of

MFC components (data not shown). Thus, it appears that the

NTT mutations strongly impair PIC assembly (in a manner

rescued by eIF1) only when combined with the FL tag.

This last conclusion is consistent with results from in vitro

analysis. Untagged 7–11 protein shows defects in 40S binding

in the presence or absence of eIF1 and TC (Figure 2C–E). It

also reduces the rate of TC loading in the absence of eIF1
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when the mutant is supplied at a concentration high enough

to compensate for its 40S binding defect (Figure 2B); how-

ever, there is no detectable defect in TC loading in the

presence of eIF1 under these conditions (Figure 2B).

Attaching FL to WT eIF1A reduces the rate of TC loading in

the presence of eIF1 by B30% (data not shown), and

introducing the 17–21 or 7–11 mutations into FL-eIF1A

reduces the rate further, with the 7–11 mutation having

the greater effect (Figure 2F). eIF1 strongly stimulates the

reaction rates for both of these eIF1A NTT mutants (data

not shown).

These in vitro results coincide with our in vivo findings

that combining FL with the 7–11 and 17–21 mutations pro-

duces additive defects in PIC assembly and growth that are

suppressed by eIF1 overexpression. In addition to increasing

the rate of TC loading, eIF1 overexpression also enhances 40S

binding of the mutant eIF1As (Figures 2E and 3E) and other

MFC components (Figure 3E), which probably contributes

to suppression of the translation initiation defects in NTT

mutants by excess eIF1 (Figure 3B and C). The residual Slg�

phenotype of untagged 7–11 (which is not rescued by eIF1

overexpression) implies that this NTT mutation also disrupts

a step downstream of PIC assembly, which fits with results

below indicating that it impairs AUG recognition.

The 131,133 CTT mutation increases initiation at UUG

codons in vivo

We have shown previously that the DC mutation in eIF1A

confers increased initiation at a UUG triplet in HIS4, reducing

the histidine auxotrophy (His� phenotype) produced by the

absence of the AUG start codon in the his4-303 allele (Sui�

phenotype) (Fekete et al, 2005). We found that the 131,133

mutation also perturbs CTT function in start codon selection.

First, 131,133 confers a marked increase in the expression of

a HIS4-lacZ reporter containing a UUG start codon relative

to that produced by a matched reporter containing an AUG

(Figure 4A). Although we did not observe a Hisþ phenotype

in 131,133 cells harboring his4-303, this might be explained

by the strong Slg� phenotype of this mutant. Supporting this

interpretation, Western analysis of WT and 131,133 cells

harboring an myc-tagged version of chromosomal his4-303

revealed a Bnine-fold increase in the expression of myc-

tagged his4-303 protein, with little change in his4-303-myc

mRNA in the mutant cells (Figure 4B).

We also observed a decrease in leaky scanning of AUG

start codons in the 131,133 mutant using a GCN4-lacZ repor-

ter containing only an elongated version of uORF1 that

overlaps the GCN4 ORF. In WT cells, expression of this

construct is very low because most ribosomes translate the

elongated uORF1 and fail to reinitiate upstream at GCN4

(Figure 1C, WT, construct ii). Interestingly, 131,133 conferred

five-fold lower expression of this construct, suggesting

diminished leaky scanning past the uORF1 AUG codon

(Figure 1C, 131,133, ii). It could be argued instead that

131,133 allows increased initiation at UUGs upstream of

uORF1, but because translation of uORF1 is required for

derepression, this should equally impair derepression of the

WT GCN4-lacZ construct with all four uORFs, which was not

observed (Figure 1C, 131,133, i). A third indication that

131,133 alters AUG selection is that the mutation is synthe-

tically lethal with the Sui� SUI5 allele (data not shown), as

observed previously on combining the tif11-DC mutation with

SUI5 (Fekete et al, 2005). We suggested previously that this

synthetic lethality results from an additive effect of the

mutations in elevating UUG selection, which reaches an

intolerable level in the double mutant.

The eIF1A NTT mutations suppress utilization of UUG

start codons in Sui� mutants

Remarkably, the eIF1A NTT mutations affect initiation at

UUG triplets in a manner opposite to that of Sui� CTT

mutations, suppressing the Sui� phenotypes conferred by

SUI5 and the eIF2b mutation SUI3-2 (SUI3-S264Y). As

expected (Huang et al, 1997), introducing plasmid-borne

SUI3-2 into the TIF11-HA his4-303 strain confers a dominant

Hisþ/Sui� phenotype and impairs growth on SC medium

(Figure 4C, top two rows). The Hisþ phenotype of SUI3-2 was

eliminated in strains containing the 7–11 or 17–21 mutations

even though they grew better on SC medium than the

corresponding WT TIF11-HA strain with SUI3-2 (Figure 4C).

Similarly, 17–21 and 7–11 suppressed the dominant Hisþ/

Sui� phenotype of SUI5 in TIF11-HA strains (Figure 4D,

strains 1–3), and also when present in untagged TIF11

(strains 4–6). The untagged 17–21 mutation also suppressed

the Slg� phenotype of SUI5 (Figure 4D, strains 4 and 6).

Hence, the NTT mutations have Ssu� (Suppressor of Sui�)

phenotypes indicating reduced initiation at UUG codons in

Sui� mutants.

Interestingly, attaching the FL tag to the N-terminus of

eIF1A confers an Ssu� phenotype on its own, suppressing the

strong Sui� phenotype of SUI5 (Figure 4E, rows 6 and 9),

whereas the C-HA3 tag exacerbates the Sui� and Slg� pheno-

types of SUI3-2 (Figure 4E, rows 2 and 5) and the Slg�

phenotype of SUI5 (Figure 4E, rows 3 and 6). These opposite

effects of the C-terminal and N-terminal tags reinforce the

notion that altering the eIF1A CTT favors, whereas altering

the NTT decreases, UUG selection in Sui� mutants.

The FL-17–21 NTT mutation also affects leaky scanning in

a manner opposite to that of CTT mutation 131,133, produ-

cing 3.4-fold higher expression of the GCN4-lacZ reporter

with elongated uORF1 (Figure 5A, iii). Leaky scanning of

uORF1 in a construct containing all four WT uORFs should

impair induction of GCN4 because reinitiation after trans-

lation of uORF1 is required to bypass uORFs 3–4. In accor-

dance with this possibility, FL-17–21 decreases induction

of the WT GCN4-lacZ reporter, reducing the induction ratio

from 23 (observed in WT) to 12 (Figure 5A, i). Consistently,

FL-17–21 confers sensitivity to SM (SMS) (Figure 5B, cf. rows

3 and 5), indicating a Gcn� phenotype, as also observed

for gcn2D (Figure 5B, rows 1–2). Unlike gcn2D, however, the

FL-17–21 mutation does not decrease eIF2a phosphory-

lation in SM-induced cells (Figure 5C). The impaired dere-

pression of GCN4 cannot be attributed to reduced reini-

tiation following uORF1 translation because expression of a

construct containing WT uORF1 as the sole uORF was

unaffected by the FL-17–21 mutation (Figure 5A, ii). The

7–11 mutation in the TIF11-HA background (where it is

viable) also confers a strong SMS phenotype (Figure 5B,

rows 7 and 9). These data suggest that eIF1A NTT muta-

tions impair GCN4 translational control, at least partly, by

allowing a fraction of PICs scanning from the cap to bypass

the uORF1 AUG.

Whereas eIF1 overexpression suppresses the Slg� pheno-

type of the FL-17–21 mutant, it does not suppress the SMs/
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Gcn� phenotype of FL-17–21 cells (Figure 5B, rows 5–6).

These results fit with the idea that eIF1 overexpression over-

comes the defect in PIC assembly (and attendant Slg� phe-

notype), but not the defect in start codon selection that

contributes to the SMS/Gcn� phenotype in FL-17–21 cells.

Interestingly, SUI3–2 eliminates the Slg� phenotype of FL-

17–21 (Figure 5D), reduces the increased leaky scanning

conferred by FL-17–21 (Figure 5E), and partially suppresses

the SMS/Gcn� phenotype in FL-17–21 cells (data not shown).

Thus, FL-17–21 and SUI3-2 mutually suppress their opposite

effects on start codon selection. It is remarkable that SUI5, or

introducing DC into the CTT, also suppresses the leaky

scanning produced by FL-17–21 (Figure 5F). Thus, the Sui�

mutations SUI3-2, SUI5, and DC, which increase UUG initia-

tion at his4-303, also increase recognition of the uORF1 AUG

in the FL-17–21 background, whereas FL-17–21 reduces both

initiation events. These data also support the notion that NTT

(FL-17–21) and CTT (DC) mutations in eIF1A have opposite

effects on AUG selection.

eIF1A mutations in the NTT and CTT have opposite

effects on the stability of eIF1A interactions in

reconstituted PICs

We considered the possibility that both the Ssu� and leaky

scanning phenotypes of the eIF1A NTT mutations could arise

from stabilization of an open, scanning conformation of the

PIC, reducing the probability of initiation at either UUG or

AUG codons. Our previous work indicates that eIF1A dis-

sociates more slowly at AUG versus non-AUG codons, sug-

gesting that tighter binding of eIF1A is a hallmark of the

0

0.04

0.08

0.12

0.16

0.2

FL-WT FL-131,133

U
U

G
/A

U
G

PYK1

his4-303-myc

eIF2α

FL-W
T

Normalized
ratio
Myc/eIF2α: 1.0 8.9 (0.8)

Normalized
ratio
his4/PYK1: 1.0  1.6 (0.3)

FL-1
31

,13
3

FL-W
T

FL-1
31

,13
3

his4-303

SC                        SC-H

1 WT-HA

2 7 −11-HA

3 17 −21-HA

4 WT

5 7 –11

6 17 −21
+Vector

+SUI5

+Vector

+SUI5

+Vector

+SUI5

+Vector

+SUI5

+Vector

+SUI5

+Vector

+SUI5

+Vector

+SUI3-2

+Vector

+SUI3-2

+Vector

+SUI3-2

SC                         SC-H

    WT-HA

7–11-HA

17–21-HA

SC                      SC-H

WT-HA

      WT

FL–WT

1

2

3

4

5

6

7

8

9

+Vector

+SUI3-2

+Vector

+SUI3-2

+SUI5

+SUI5

+SUI5

+Vector

+SUI3-2

A B

D

C

E
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closed, scanning-arrested IC formed at AUG (Maag et al,

2006). (Note that eIF1A dissociation in all cases is too slow

to be physiologically relevant, but is a sensitive probe of the

interactions between eIF1A and the PIC.) Accordingly, we

asked whether the FL-17–21 mutation increases the rate of

eIF1A dissociation at both UUG and AUG complexes.

43S �mRNA(AUG) or 43S �mRNA(UUG) complexes were

assembled with eIF1A, tagged at its C-terminus with fluor-

escein, in the presence of eIF5, chased with excess non-

labeled eIF1A, and eIF1A dissociation was measured over

time as the decrease in fluorescence anisotropy. WT eIF1A

dissociates with biphasic kinetics, with rate constants for the
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fast and slow phases designated k1 and k2, respectively. Kamp

is the ratio of the amplitudes of the slow to fast kinetic

phases; hence values of Kamp41 indicate that the slow

phase dominates the reaction. When 40S binding of eIF1A

is saturated (as here), the anisotropy (r) reflects the restric-

tion of rotational motion of the eIF1A CTT in the complex,

with higher r values indicating less freedom (Maag et al,

2006).

In accordance with earlier findings (Maag et al, 2006), the

kinetics of eIF1A dissociation from AUG complexes in the

presence of WT eIF5 is dominated by the slow phase (Kamp

of 5.5; Table I, row 3), whereas replacing AUG with UUG

reduces Kamp to 4.0 and increases k1 and k2, indicating

weaker eIF1A binding. The CTT is also relatively less re-

stricted (smaller r value) at UUG (Table I, rows 1–4, UUG).

The SUI5 mutation in eIF5 (G31R) decreases k2 and increases

r at UUG (Table I, rows 1–8), indicating tighter eIF1A binding

at this near-cognate codon. Similar results were reported for

the Sui� DC mutation in eIF1A (Maag et al, 2006). These

findings allowed us to propose that tighter eIF1A binding to

UUG complexes contributes to the increased initiation at UUG

in these Sui� mutants. It is interesting that SUI5/G31R and DC

both weaken eIF1A binding and increase rotational freedom

of the CTT for AUG complexes (Table I, AUG) (Maag et al,

2006), suggesting that these mutations disfavor AUG recogni-

tion while increasing selection of UUG codons.

Dissociation of FL-17–21 from AUG complexes containing

WT eIF5 showed a dramatic reduction in Kamp (Table I, AUG,

rows 3 and 11) so that the rapid phase now dominates the

reaction (see also kinetic data in Figure 6A). For the corre-

sponding UUG complexes, the reaction is monophasic with a

rate constant even higher than k1 for WT complexes at UUG

(Table I, UUG, rows 1 and 9). The CTT is also less restricted

(smaller r) for both AUG and UUG complexes with FL-17–21.

Similar conclusions hold for the double-mutant complexes

formed with SUI5/G31R and FL-17–21 proteins, which exhibit

rapid, monophasic dissociation and reduced r values for

both AUG and UUG complexes, relative to those formed

with SUI5/G31R and WT eIF1A (Table I, rows 13–16, and

Figure 6A). The untagged 7–11 mutant also produced mono-

phasic dissociation from AUG and UUG complexes at even

higher rates and decreased r values (Table I, rows 17–24).

Thus, the FL-17–21 and 7–11 NTT mutations weaken eIF1A

binding and increase mobility of the CTT in AUG and UUG

Table I Effects of eIF1A mutations on the kinetics of eIF1A dissociation from 43S.AUG and 43S.UUG PICsa

eIF1A eIF5 AUG UUG

1 WT WT k1 5.771.2 10.971.6
2 k2 0.4770.07 1.070.23
3 Kamp 5.570.7 4.070.88
4 r bound 0.20570.004 0.18570.007

5 WT G31R k1 13.872.0 1271.8
6 k2 2.970.6 0.5370.12
7 Kamp 1.370.6 5.872.8
8 r bound 0.18770.005 0.20670.007

9 FL-17–21 WT k1 8.871.3 13.570.5b

10 k2 0.9570.03
11 Kamp 0.1670.04
12 r bound 0.18470.003 0.17170.0005

13 FL-17–21 G31R k1 3471b 6.570b

14 k2

15 Kamp

16 r bound 0.153070.0007 0.172670.0016

17 7–11 WT k1 1772.5b 7371b

18 k2

19 Kamp

20 r bound 0.1970.01 0.180870.0009

21 7–11 G31R k1 21670b 2872b

22 k2

23 Kamp

24 r bound 0.168670.0002 0.181970.0039

25 131,133 WT k1 8.171.5 2.170.005b

26 k2 0.31570.015
27 Kamp 4.770.2
28 r bound 0.21670.001 0.22170.0001

29 131,133 G31R k1 1070.65 7.871.2
30 k2 2.370.65 0.4970.01
31 Kamp 0.2770.065 6.570.8
32 r bound 0.21070.001 0.21870.0025

All rates are 10�3 s�1.
ar bound is the fluorescence anisotropy of the labeled eIF1A in the 43S �mRNA complex.
bSingle exponential.
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complexes in the presence of WTor SUI5/G31R forms of eIF5.

These findings fit with the Ssu� and leaky scanning pheno-

types of these eIF1A NTT mutations in vivo.

We also examined the untagged 131,133 CTT mutant to

determine whether its Sui� phenotype involves tighter bind-

ing of eIF1A at UUG complexes. The 131,133 mutant clearly

differs from WT in showing monophasic dissociation from

the UUG complex, with a rate constant intermediate between

the WT values of k1 and k2 for the UUG complex (Table I, row

25 versus rows 1–2). Comparing the monophasic rate con-

stant for this mutant to a weighted-average rate constant for

WT eIF1A suggests that the 131,133 mutation strengthens

eIF1A binding at UUG in the presence (but not absence) of

eIF5 (Figure 6B; last four bars), but has little effect on eIF1A

dissociation from AUG complexes in the presence of WT eIF5

(Figure 6B, first four bars; Table I, rows 25–28 versus 1–4,

AUG). The 131,133 mutation also decreases mobility of the

CTT in complexes with UUG to the point where the aniso-

tropy exceeds that seen for AUG with 131,133 or WT eIF1A

(Table I, r values).

When combined with SUI5/G31R, the eIF1A-131,133

mutant slightly decreases the rate of dissociation at UUG,

enhancing the tighter binding of eIF1A to UUG complexes

produced by SUI5, and also exacerbates the effect of SUI5/

G31R in weakening eIF1A interaction in AUG complexes.

(Table I, rows 5–8 versus 29–32). A graph of Kamp for selected

combinations of eIF1A and eIF5 proteins (Figure 6C) reveals

that the combination of eIF1A-131,133 and SUI5/G31R

reverses the normal effects of AUG and UUG on the rate of

eIF1A dissociation. These biochemical data are consistent

with the synthetic lethality of combining the SUI5 and

131,133 mutations in vivo.

Discussion

In this paper, we provide new insights into the distinct roles

of the unstructured tails of eIF1A in PIC assembly. The

131,133 CTT mutation lowers the level of native 43S PICs

in extracts and derepresses GCN4 translation in a manner

partially suppressed by overexpressing TC. This mutation

also decreases the rate of TC loading onto reconstituted

PICs in vitro, consistent with its Gcd� phenotype. Ala sub-

stitutions of NTT residues 7–11, 12–16, or 17–21 in FL-tagged

eIF1A conferred lethality or slow growth (for 17–21), and

these phenotypes were suppressed by eIF1 overexpression.

Overexpressing eIF1 also restored 40S association of MFC in

FL-17–21 cells. By contrast, eIF1 overproduction does not

suppress the phenotypes of the CTT mutation 131,133

(Figure 3B) or of other (non-NTT) mutations we tested that

impair native PIC assembly (data not shown).

In the presence of the N-terminal FL tag (which exacer-

bates NTT mutations), the 17–21 and 7–11 mutations

decrease the rate of TC loading on reconstituted 48S PICs

in vitro. The untagged 7–11 mutant is also defective for this

function in the absence of eIF1, but is not detectably different

from WT in the presence of eIF1. Thus, the 7–11 substitutions

reduce the rate of TC loading in a manner overcome by eIF1.

By contrast, the CTT mutation 131,133 impairs TC loading

only in the presence of eIF1. Clearly, mutations in the

unstructured NTT and CTT impair PIC assembly by different

mechanisms.

One way to explain suppression of the eIF1A NTT muta-

tions by eIF1 overexpression is to propose that they disrupt a

function of eIF1A in recruiting TC and other MFC compo-

nents that is redundant with eIF1 activity. Consistent with

this, eIF1A can bind to eIF2 and eIF3, and their interactions

in the PIC require the eIF1A NTT (Olsen et al, 2003). eIF1

interacts with eIF2b, eIF3c, and eIF5 and is critical for MFC

association with 40S subunits in vivo (Asano et al, 2001a;
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Singh et al, 2004), and eIF1 binds directly to the 40S

(Lomakin et al, 2000). Hence, overexpressing eIF1 could

drive 40S–MFC interactions and compensate for a reduced

ability of eIF1A NTT mutants to promote MFC recruitment.

In addition, binding of eIF1A and eIF1 to the 40S subunit is

thermodynamically coupled (Maag and Lorsch, 2003;

Majumdar et al, 2003), and overexpression of eIF1 increases

40S binding of the FL-17–21 protein in vivo (Figure 3E). This

effect may contribute to suppressing the growth defect of this

mutant, and also the lethality of the FL-7–11 mutation,

considering that 7–11 confers a marked 40S binding defect

in vitro (Figure 2E).

To explain why the CTT mutation 131,133 impairs TC

loading in vitro only in the presence of eIF1, it could be

proposed that 131,133 eliminates a functional interaction

between eIF1A and eIF1 required for the stimulatory effect

of eIF1 on TC loading. This would be another instance of their

interdependence in PIC assembly revealed previously by the

thermodynamic coupling of their 40S binding (Maag and

Lorsch, 2003; Majumdar et al, 2003), which is not disrupted

by the 131,133 mutation. The fact that 131,133 more seriously

impedes TC loading in the presence versus absence of mRNA

could indicate that it also impairs the ability of mRNA to

stimulate TC loading in the reconstituted system (Maag et al,

2005).

The DC and 131,133 CTT mutations confer Sui� pheno-

types in vivo, and the C-terminal HA3 tag on WT eIF1A

exacerbates the Sui� phenotype of eIF2b mutation SUI3–2.

Thus, altering the eIF1A CTT enhances initiation at UUG.

Remarkably, the 7–11 and 17–21 substitutions in the NTT, and

also the N-terminal FL tag, have the opposite effect and

suppress the Sui� phenotypes of mutations in eIF2b or

eIF5. The CTT and NTT eIF1A mutations also have opposing

effects on AUG selection, with CTT mutations decreasing and

NTT mutations increasing leaky scanning of the GCN4 uORF1

AUG codon. Remarkably, the CTT mutation DC, and other

Sui� mutations (SUI3-2 and SUI5) suppress the increased

leaky scanning phenotype of FL-17–21. Thus, the CTT muta-

tions enhance UUG and AUG selection, while the NTT muta-

tions suppress both events.

The increased leaky scanning of uORF1 in the NTT mu-

tants likely contributes to their impaired ability to derepress

translation of GCN4 (Gcn� phenotype) when all four uORFs

are present, as uORF1 translation is required for the subse-

quent bypass of uORFs 2–4 by reinitiating 40S subunits when

TC levels are reduced. This defect can help explain why the

FL-17–21 NTT mutation does not produce a Gcd� phenotype

(derepression of GCN4 in non-starvation conditions) despite

a reduced rate of TC loading on 40S subunits and decreased

PIC levels in vivo, as observed previously for eIF5 mutations

(Singh et al, 2005).

Our recent in vitro analysis of eIF1A interactions with

reconstituted 48S complexes revealed that AUG in the P-site

and eIF5 collaborate to produce tighter binding of eIF1A.

Moreover, the DC and SUI5 Sui� mutations tighten eIF1A

binding to complexes with UUG start codons, but weaken

binding to AUG complexes. This led us to propose that eIF1A

binds less tightly to the open, scanning-conducive conforma-

tion of the PIC than to the closed, scanning-incompetent

conformation of the IC at AUG (see model in Figure 7). The

fast and slow phases of eIF1A dissociation would reflect the

different affinities of eIF1A for open and closed conforma-

tions, which exist in equilibrium (Maag et al, 2006). (It could

also be proposed that eIF1A does not dissociate from the

closed complex and the slow phase reflects the transition

from closed to open conformation. The probability of shifting

from closed to open conformation, favored at UUG and

disfavored at AUG, would then dictate the fast and slow

rates of eIF1A dissociation, respectively, from these two

complexes.)

The new Sui� mutation 131,133 strengthens eIF1A binding

and restricts motion of the CTT in UUG complexes, consistent

with the idea that it promotes a closed conformation at non-

AUGs. Strikingly, the Ssu� eIF1A NTT mutations FL-17–21

Figure 7 Hypothetical model for functions of eIF1A and eIF1 in scanning and AUG selection. (I) 48S PIC in the open, scanning-conducive
conformation with a non-AUG in the P-site and the b-barrel fold of eIF1A occupying the A-site. GTP in the TC is partially hydrolyzed in a
manner stimulated by eIF5, but Pi release from eIF2-GDP-Pi is blocked by eIF1 bound near the P-site. The CTTof eIF1A (dark-blue wavy line) is
in proximity to eIF1 and both factors promote scanning. (II) Pairing of the anticodon of Met-tRNAi

Met with AUG in the P-site elicits a rapid
conformational change that increases the distance between eIF1A-CTT and eIF1 and results in tighter binding of eIF1A to the IC. eIF1A–IC
interaction is weakened by eIF1A-CTT, which in turn is antagonized by eIF5 (perhaps through direct CTT–eIF5 interaction as suggested here) to
strengthen eIF1A-IC association. The eIF1A NTT (light blue wavy line) also strengthens eIF1A–IC interaction. Hence, eIF1A–CTT mutations
favor the closed complex, allowing increased initiation at UUG (Sui� phenotype), whereas NTT mutations favor the open complex, suppressing
initiation at UUG (Ssu� phenotype). (III) Dissociation of eIF1 from its location near the P-site allows release of Pi from eIF2-GDP-Pi, an
irreversible step that drives GTP hydrolysis to completion and finalizes start codon selection.
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and 7–11 have the opposite effects in UUG complexes with

either WT or G31R/SUI5 forms of eIF5. These results help

explain why NTT mutations suppress initiation at UUG in

Sui� mutants and they support our model that tighter binding

of eIF1A to the IC is an important step in start site selection

(Figure 7). The FL-17–21 and 7–11 mutations also weaken

eIF1A binding to AUG complexes, which fits with the in-

creased leaky scanning of the uORF1 AUG codon in FL-17–21

cells. The fact that the Sui� mutations SUI3-2, SUI5, and DC

(in eIF1A itself) diminish this leaky scanning phenotype

suggest that they stimulate the transition from open to closed

conformations with either AUG or UUG in the P-site.

Two aspects of the eIF1A dissociation data are at odds with

the in vivo results. The Sui� mutations SUI5 and DC weaken

eIF1A binding at AUG complexes while strengthening eIF1A

binding to non-AUG complexes (Maag et al, 2006) (Table I),

and the CTT mutation 131,133 exacerbates both trends. This

suggests that these Sui� mutations disfavor the closed con-

formation at AUG while enhancing the closed conformation

at UUG. Indeed, on the basis of eIF1A dissociation rates (and

anisotropy values), one would predict a higher rate of initia-

tion at UUG versus AUG in the SUI5 and DC mutants, which is

not observed. One would also predict that these mutations

increase leaky scanning of the uORF1 AUG, whereas 131,133

and DC decrease leaky scanning in otherwise WT cells, and

SUI5 and DC suppress this phenotype in FL-17–21 cells. These

discrepancies suggest that the altered eIF1A affinity for the

initiation complex, and the underlying conformational

change, involves only one step in the transition to the closed,

scanning-arrested IC from the scanning PIC (Figure 7).

We suggest that this transition includes several conforma-

tional changes in the 40S subunit that restrict the mRNA

binding channel or strengthen interactions of TC with mRNA

to impede scanning, make the P-site more accommodating to

Met-tRNAi
Met, or enhance the ability of eIF5 to stimulate GTP

hydrolysis or Pi release from eIF2-GDP-Pi. eIF1 has been

implicated in opposing many of these steps as a negative

effector of non-AUG selection (Pestova and Kolupaeva, 2002;

Unbehaun et al, 2004; Valasek et al, 2004; Algire et al, 2005),

and eIF1 dissociation is thought to be required for AUG

selection (Maag et al, 2006). These different steps may

combine additively or synergistically to account for the

B30-fold difference between initiation rates at AUG versus

UUG observed in vivo. By overcoming the inhibitory effect of

eIF1 on these other steps, AUG in the P-site may override the

effects of SUI5 and DC in weakening eIF1A binding to AUG

complexes. In fact, as these mutations produce Sui� pheno-

types, they likely stimulate the additional steps that promote

scanning arrest, GTP hydrolysis, and Pi release, neutralizing

the inhibitory effects on the eIF1A-related conformational

change at AUG. This could explain why UUG initiation

remains lower than AUG initiation in SUI5, DC, and 131,133

mutants, and also why SUI5, DC, and 131,133 decrease, rather

than increase, leaky scanning at uORF1.

It is also noteworthy that the eIF1A NTT mutations (espe-

cially 7–11) evoke a stronger reduction in eIF1A affinity for

AUG complexes than the SUI5, DC, and 131,133 mutations. In

addition, their suppression of Sui� phenotypes suggests that

NTT mutations may inhibit one of the other steps leading to

IC formation that the Sui� mutations likely stimulate in order

to enhance UUG initiation. In fact, we found recently that the

NTT mutation FL-17–21 slows down both the conformational

change that increases eIF1A–eIF1 separation and the disso-

ciation of eIF1 from its 40S binding site upon AUG recogni-

tion (unpublished observations). We propose that the

cumulative effect of multiple impediments to IC formation

at a start codon caused by FL-17–21 accounts for its increased

leaky scanning of AUGs.

It could be argued that if our reconstituted system dis-

played the proper selectivity, then 43S �mRNA(UUG) com-

plexes would be too unstable for measurements of eIF1A

dissociation at the rates we observe (B5–50 h�1). It is

possible that we are missing in our system a selectivity factor

that destabilizes non-AUG complexes (e.g. eIF4G). However,

it is also possible that the UUG complexes are dynamic and

slide along the mRNA, but that UUG is highly favored over

the other triplets for P-site occupancy, so that the dissociation

reaction involves an ensemble of different complexes that is

heavily dominated by the UUG complex. Indeed, we have

evidence from TC-binding data that the UUG complex is more

stable than nearly all other non-AUG complexes, whereas less

stable than the AUG complex (unpublished observations).

Moreover, the fact that Sui� and Ssu� mutations in eIF1A

have opposite effects on the kinetics of eIF1A dissociation

from UUG complexes clearly indicates that the reconstituted

system recapitulates at least some critical elements governing

AUG selectivity in vivo.

Finally, it is notable that the entire set of phenotypes

exhibited by the eIF1A NTT mutations described above are

displayed by the DGNK53�56AANA mutation (Fekete et al,

2005) in conserved surface residues of the b-barrel. The 53–

56 mutation impairs initiation and reduces native PIC levels

in a manner diminished by hc SUI1, suppresses the Sui�

phenotype of SUI5 (Ssu�), increases leaky scanning of uORF1

and impairs derepression of GCN4 (Gcn�), and its Gcn� and

Slg� phenotypes are partially suppressed by SUI3-2

(Supplementary Figures S2–S3). Thus, this region of the

b-barrel surface (between b strands 2–3) (Battiste et al,

2000) may cooperate with the NTT in PIC assembly and

regulating AUG selection.

Materials and methods

Plasmids and yeast strains used are listed in Tables II and III of
Supplementary data along with descriptions of their constructions
and all relevant biochemical methods.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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